Introduction {#Sec1}
============

Extensive early ischemic changes (EICs) on CT \[[@CR1]--[@CR5]\] or diffusion-weighted imaging (DWI) \[[@CR6]--[@CR9]\] have been identified as markers of an increased risk of thrombolysis-related intracranial hemorrhage (ICH). A quick and standardized CT scoring system, the Alberta Stroke Programme Early CT Score (ASPECTS) \[[@CR10]\], has been increasingly applied to DWI images (DWI-ASPECTS) in several studies \[[@CR9], [@CR11], [@CR12]\]. Its high sensitivity and good inter-rater agreement for the detection of EICs \[[@CR13]\] make it feasible to use DWI-ASPECTS as a practical tool for selecting patients for thrombolysis (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Case 1: 85-year-old man. Initial CT at 131 min of onset shows early ischemic change in the left L, I, and M3 (CT-ASPECTS, 7) (**a**). Initial DWI at 137 min of onset shows the hyperintense lesion in the left L, I, M2, M3, and W (DWI-ASPECTS, six and ASPECTS+W, six) (**b**). MRA on admission (**c**) shows occlusion of the left M1 proximal portion. The NIHSS score before IV-tPA was 19. IV-tPA was started 176 min of onset. The NIHSS score after 24 h was 15. The patient had asymptomatic ICH (HI 1) 24 h after tPA injection (**d**). The modified Rankin scale score at 90 days was three

Several studies have reported that it is possible to predict ICH risk using DWI-ASPECTS in patients treated by IV-tPA within 3 h \[[@CR12]\] and by IV/IA thrombolysis within 6 h \[[@CR9]\]. However, these results were based on thrombolysed patients only, and a substantial number of patients was excluded because of extensive EIC. Although lower DWI-ASPECTS was associated with increased ICH risk, patients with DWI-ASPECTS \>7 still had a 3--4% ICH risk \[[@CR9], [@CR11], [@CR12]\] (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Case 2: 67-year-old man. Initial DWI at 92 min of onset shows the hyperintense lesion in the left I, M1, M2, M4, M5, and W (DWI-ASPECTS, five and ASPECTS+W, five) (**a**). Initial CT at 108 min of onset shows early ischemic change in the left L, I, M1, M2, and M3 (CT-ASPECTS, five) (**b**). MRA on admission (**c**) shows occlusion of the left M1 proximal portion. The NIHSS score on admission was 25. The patient was not treated with tPA, but had symptomatic ICH (PH1) 18 h of onset (**d**). The NIHSS score after 24 h was 38. The patient died on day four

To determine the clinical utility of the ASPECTS system for ICH risk stratification, especially with respect to patient selection for IV-tPA within a 3-h time window, a controlled study will be required that includes all patients enrolled into active therapy regardless of their EIC size. However, such a study poses an ethical problem, because extensive EIC is established as a contraindication for thrombolysis in several guidelines from the United States \[[@CR14]\], Canada \[[@CR15]\], Europe \[[@CR16]\], and Japan \[[@CR17]\].

As an alternative approach to overcoming this issue, we designed a retrospective study including all patients with and without thrombolysis in whom both CT and DWI were performed within 3 h of onset. We hypothesized that extensive EIC increases subsequent ICH in patients within 3 h of onset regardless of IV-tPA. We have established a modified scoring method, ASPECTS+W, including DWI-W lesions, which has been found to be a negative predictor of early dramatic improvement after IV-tPA \[[@CR18]\], in addition to each of the ten original ASPECTS regions. We aimed to elucidate whether CT-ASPECTS, DWI-ASPECTS, and ASPECTS+W could be useful tools to avoid subsequent ICH in patients with acute ischemic stroke.

Subjects and methods {#Sec2}
====================

Patients {#Sec3}
--------

Consecutive, hyperacute, ischemic stroke patients admitted to our stroke center within 3 h of symptom onset between October 2005 and June 2008 were registered. Of these, patients who underwent both CT and MRI within 3 h of onset were enrolled in the present study. In patients treated with IV-tPA, both CT and MRI were performed before the initiation of IV-tPA. Patients with pacemakers were excluded, because MRI is contraindicated in such patients. The relationship between the extent of EICs and the development of ICH within the initial 36 h of onset was assessed. Written, informed consent to treatment and participation in this study was obtained from all patients or their next of kin. The institutional ethics committee approved our research protocol.

The inclusion and exclusion criteria for IV-tPA used were in accordance with J-ACT \[[@CR19]\]. Baseline CTs and DWIs were assessed for ischemic changes and quantified using ASPECTS. The presence of ischemic lesions was evaluated, and thrombolytic decision-making was done by the physician in charge. Stroke neurologists assessed National Institute of Health Stroke Scale (NIHSS) \[[@CR20]\] scores on admission or before IV-tPA. Based on the neurological, radiological, cardiological, and hematological profiles, the stroke subtype was determined according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification system \[[@CR21]\] by a consensus of stroke neurologists at our institute.

CT and MR imaging {#Sec4}
-----------------

All CT scans were obtained using a multidetector CT scanner (Aquilion 16; Toshiba Medical Systems, Tochigi, Japan). The scanning parameters of the unenhanced CT were 120 kV and 500 mA, with a 512 × 512 image matrix, 24-cm field of view, and 8-mm section thickness. MR imaging was performed using a 1.5-T unit (Toshiba Medical Systems) with echo-planar imaging sequences, including diffusion. The typical stroke MRI protocol consisted of DWI and 3D time-of-flight MR angiography (MRA). Diffusion-weighted imaging was obtained with *b* values of 1,000 s/mm^2^.

CT-ASPECTS and DWI-ASPECTS were evaluated according to the ten ASPECTS regions method. For a better evaluation of ischemic extent, we have established a modified scoring method, ASPECTS+W, including DWI-W lesions \[[@CR18]\] in addition to each of the ten original ASPECTS regions, assigning a score of 1 for a normal and a score of 0 for a region showing ischemic change. Briefly, we defined ASPECTS+W as an 11-point method. A DWI-W lesion was defined as a hyperintensity lesion in the corona radiata. The outermost limit of DWI-W was the subcortex of the M5 region, and the innermost limit was the caudate nucleus. Diffusion-weighted imaging-W lesions were evaluated at the level 2 cm superior to the thalamus and striatum \[[@CR18]\]. Intracranial hemorrhage was defined as CT evidence of new hemorrhagic infarction (HI) or parenchymal hematoma (PH) within the initial 36 h \[[@CR4]\]*.* Symptomatic ICH (sICH) was defined as an increase of one or more in the NIHSS score compared with that on admission. Arterial occlusion was assessed on the initial MRA.

For determining the ASPECTS values, CT and DWI were evaluated independently for each image at separate sessions and off line. Three stroke neurologists (H.K., T.H., and M.N.) independently and retrospectively evaluated CT-ASPECTS, DWI-ASPECTS, DWI-W lesions, and subsequent ICH. The imaging interpretations were performed blinded to clinical information and the outcome imaging findings. Disagreements were resolved by consensus.

Statistical analysis {#Sec5}
--------------------

Kappa statistics were used to assess the investigators' agreement about CT-ASPECTS, DWI-ASPECTS, and DWI-W lesions. The significance of intergroup differences was assessed using Fisher's exact test for categorical variables and the Wilcoxon rank-sum test for continuous variables. To obtain the cut-off point of CT-ASPECTS, DWI-ASPECTS, and ASPECTS+W to predict ICH within the initial 36 h, receiver operating characteristic (ROC) curves were constructed. Multivariate analysis was performed to identify factors that independently predict development of ICH within the initial 36 h. Variables with a value of *p* \< 0.1 on univariate analysis were included in the multivariate models. Lesion size was entered into the three models: CT-ASPECTS (Model 1), DWI-ASPECTS (Model 2), and ASPECTS+W (Model 3). Values of *p* \< 0.05 were considered significant. Statistical analyses were performed using the JMP 7 package (SAS Institute Inc., Cary, NC, USA).

Results {#Sec6}
=======

Overall, 791 consecutive acute ischemic stroke patients were admitted to our stroke center within 3 h of onset (cerebral infarction, 715 patients; transient ischemic attack, 76 patients); 627 were excluded because of posterior circulation stroke (*n* = 215), lack of CT or MRI study (*n* = 336) within 3 h of onset, or diagnosis of TIA (*n* = 76). As a result, 164 patients with hyperacute anterior circulation ischemic stroke who underwent both CT and MRI within 3 h of onset were enrolled (91 males, 73 females; mean age ± SD, 75.2 ± 11.7 years).

The median baseline NIHSS score of the 164 patients was 14 (range, 0--40). The baseline NIHSS score was higher in patients with cardioembolism (CE) than with other stroke subtypes (median, 21.5 vs. 7.5, *p* \< 0.001). The median (range) baseline CT-ASPECTS, DWI-ASPECTS, and ASPECTS+W values were 10 (0--10), 8 (0--10), and 9 (0--11), respectively. The kappa statistics of agreement among the three investigators for CT-ASPECTS and DWI-ASPECTS were 0.344 and 0.434, respectively. Diffusion-weighted imaging-W lesions were found in 82 patients (50%). The kappa value for the presence of DWI-W lesions was 0.605.

Of the 164 patients, 36 (22%) were treated with IV-tPA. The mean time of onset to tPA bolus was 125.0 ± 29.5 min (range, 80--178 min). The time from entering the hospital to tPA bolus was 58.4 ± 15.8 min (range, 37--108 min). The median (range) baseline NIHSS score in patients with IV-tPA was 14 (7--31). The median (range) CT-ASPECTS, DWI-ASPECTS, and ASPECTS+W values were 9.5 (3--10), 8.5 (6--10), and 9 (6--11), respectively.

Of the 159 patients who had a follow-up CT study within the initial 36 h, 19 (12%) demonstrated ICH development (HI, 12 patients; PH, seven patients). Patients with ICH had higher NIHSS scores on admission (median, 23 vs. 13, *p* = 0.010), a higher rate of IV-tPA (42 vs. 20%, *p* = 0.041), lower CT-ASPECTS (median, 7 vs. 10, *p* = 0.008), lower DWI-ASPECTS (median, 6 vs. 9, *p* = 0.001), lower ASPECTS+W (median, 6 vs. 9, *p* = 0.001), and more frequent DWI-W lesions (74 vs. 47%, *p* = 0.048) than those without ICH. The presence of ICA or M1 proximal occlusion was more frequently seen in patients with than without ICH (68 vs. 32%, *p* = 0.004) (Table [1](#Tab1){ref-type="table"}). On multivariate regression analysis, although CT-ASPECTS and DWI-ASPECTS did not predict development of ICH (Table [2](#Tab2){ref-type="table"}, Model 1 and Model 2), lower ASPECTS+W (OR 0.75, 95% CI 0.58--0.96, *p* = 0.027) and administration of IV-tPA (OR 9.13, 95% CI 2.15--46.21, *p* = 0.005) were independently related to ICH development within the initial 36 h (Table [2](#Tab2){ref-type="table"}, Model 3).Table 1Univariate statistical analysis comparing patients with and without development of intracranial hemorrhage (ICH)With ICH (*n* = 19)Without ICH (*n* = 140)*p* valueAge (mean ± SD years)80.1 ± 9.274.8 ± 11.80.060Sex (male)11 (58%)77 (55%)0.664IV-tPA8 (42%)28 (20%)0.041Hypertension9 (47%)100 (71%)0.062Diabetes mellitus5 (26%)34 (24%)0.784Dyslipidemia3 (16%)22 (16%)1.000Atrial fibrillation12 (63%)62 (44%)0.145Previous ischemic heart disease2 (11%)13 (9%)0.695Previous cerebrovascular disease3 (16%)34 (24%)0.567Antiplatelet agent use3 (16%)29 (21%)0.767Anticoagulant use2 (11%)26 (19%)0.531Platelet count on admission (×10^4^/μl)18.7 ± 5.319.6 ± 5.30.522Systolic blood pressure on admission (mmHg)156.4 ± 23.4161.3 ± 33.20.532Diastolic blood pressure on admission (mmHg)77.1 ± 20.086.8 ± 21.10.058Glucose on admission (mg/dl)144.6 ± 68.2138.2 ± 51.30.626NIHSS score on admission, median (IQR)23(15--25)12.5 (5--25)0.010CT-ASPECTS, median (IQR)7 (5--10)10 (7--10)0.008DWI-ASPECTS, median (IQR)6 (3--8)9 (6--10)0.001ASPECTS+W, median (IQR)6 (3--8)9 (6--10)0.001DWI-W lesions14 (74%)66 (47%)0.048Stroke subtype (TOAST classification)0.355 Cardioembolism14 (74%)77 (55%) Large artery atherosclerosis4 (21%)26 (19%) Small vessel occlusion015 (11%) Other causes01 (15) Undetermined1 (5%)21 (15%) Presence of ICA/M1 proximal occlusion13(68%)44(32%)0.004*IQR* interquartile range *ICH* both symptomatic and asymptomatic ICHTable 2Multivariate analysis for development of intracranial hemorrhageOR95% CI*p* valueModel 1 (CT-ASPECTS) Age (per year)1.050.98--1.130.180 Sex (female)0.530.15--1.680.292 IV--tPA6.011.58--25.600.010 NIHSS score on admission (per point increase)1.020.95--1.100.549 Presence of hypertension2.280.75--7.160.147 Diastolic blood pressure on admission (per mmHg increase)0.980.95--1.010.143 CT-ASPECTS (per point increase)0.820.64--1.030.094 Presence of ICA/M1 proximal occlusion2.740.80--10.330.118Model 2 (DWI-ASPECTS) Age (per year)1.060.99--1.140.113 Sex (female)0.530.15--1.710.300 IV-tPA8.882.01--46.490.005 NIHSS score on admission (per point increase)1.000.92--1.090.942 Presence of hypertension2.110.68--6.730.198 Diastolic blood pressure on admission (per mmHg increase)0.980.95--1.010.222 Presence of ICA/M1 proximal occlusion1.960.53--7.720.316 DWI-ASPECTS (per point increase)0.760.57--1.000.056 Presence of DWI-W lesion0.680.17--2.440.555Model 3 (ASPECTS+W) Age (per year)1.060.99--1.140.107 Sex (female)0.530.15--1.710.302 IV-tPA9.132.15--46.210.004 NIHSS score on admission (per point increase)1.000.92--1.090.949 Presence of hypertension2.090.67--6.630.201 Diastolic blood pressure on admission (per mmHg increase)0.980.95--1.010.225 ASPECTS+W (per point increase)0.750.58--0.960.027 Presence of ICA/M1 proximal occlusion1.970.54--7.750.313*OR* odds ratio, *CI* confidence interval

The optimal cut-off point of ASPECTS+W to predict development of ICH within the initial 36 h was \<8, with a sensitivity of 79%, specificity of 60%, and an area under the ROC curve of 0.732 (*p* = 0.002). Four patients (3%) had sICH; no patients were treated with IV-tPA because of extensive ischemic lesions, all had a poor outcome (modified Rankin Scale score 5 or 6), and three patients had DWI-W lesions. The values of DWI-ASPECTS and ASPECTS+W tended to be lower in patients with than without sICH (median, 5 vs. 8, *p* = 0.131, and 5 vs. 9, *p* = 0.066), but the values on CT were not significantly different (median 5 vs. 8, *p* = 0.592).

Discussion {#Sec7}
==========

In the present study, the relationships of baseline DWI-ASPECTS and CT-ASPECTS with early development of ICH were assessed in patients with hyperacute ischemic stroke involving the anterior circulation who received IV-tPA and in those who did not. A low ASPECTS+W value, which is based on a modified 11-point method, and administration of IV-tPA were independently related to development of ICH within the initial 36 h, although CT-ASPECTS and DWI-ASPECTS were not significant predictors of ICH development. Thus, patients with baseline ASPECTS+W values of less than eight points are at high risk for ICH development in the acute phase.

There are some previous studies that examined whether CT-ASPECTS or DWI-ASPECTS could predict ICH development. On the other hand, there is controversy about whether CT-ASPECTS can help predict thrombolysis-related ICH \[[@CR22], [@CR23]\]*.* In ECASS II, for acute ischemic stroke patients within 6 h of onset, low CT-ASPECTS values were related to an increased risk for thrombolysis-related ICH \[[@CR23]\]. In the NINDS rt-PA Stroke Study population, for patients within 3 h of onset, baseline CT-ASPECTS was not significantly related to thrombolysis-related ICH \[[@CR22]\]. It was reported that DWI-ASPECTS predicted symptomatic ICH after IV/IA thrombolysis within 6 h of onset \[[@CR9]\]. The present study was designed in several different ways: it included patients treated with and without IV-tPA, within 3 h of onset, examined by both CT and MRI including DWI and MRA, and it was a non-randomized, controlled study. In these differences, the present study is the first-ever report comparing ASPECTS values on both CT and DWI in hyperacute ischemic stroke patient regardless of IV-tPA within 3 h of onset.

The present study is unique in that DWI-W lesions were evaluated in addition to the ten ASPECTS regions, and the ASPECTS+W method was proposed. We have previously shown that absence of DWI-W lesions was an independent predictor of early dramatic improvement after IV-tPA \[[@CR18]\]. Detection of EICs in deep white matter is difficult on CT. Although patients with ICH had DWI-W lesions more frequently than those without ICH on univariate analysis, DWI-W itself was not significantly related to ICH on multivariate regression analysis. The reason for this might be that patients with only DWI-W lesions, who were diagnosed as having small vessel occlusion, were included. However, using the 11-point method, rather than the original ten-point method, ASPECTS+W had a good correlation with ICH development within the initial 36 h. We believe that evaluation of DWI-W lesions in addition to the 10 DWI-ASPECTS regions is a more useful method than CT-ASPECTS and DWI-ASPECTS for predicting which patients are prone to ICH.

Low ASPECTS+W values were related to ICH development regardless of IV-tPA. Because time is limited before IV-tPA and to avoid development of ICH, patients with somewhat extensive ischemic lesions might be excluded by the physician in charge. In the present study, we tried to elucidate which ASPECTS method is the most helpful for avoiding hemorrhagic complications. Although this was a non-randomized, controlled study, we think that we could decrease the potential bias by using CT and DWI within 3 h of symptom onset and by including all patients eligible for IV-tPA according to the time window. If we were to administer IV-tPA to patients with low ASPECTS+W values, the risk of thrombolysis-related ICH might be increased. In the present study, the optimal cut-off point of ASPECTS+W to predict ICH was \<8 points. This result suggests that patients with ASPECTS+W values ≥ 8 points could be safely-administered IV-tPA.

White matter is less metabolically active than gray matter and requires a reduced blood flow per volume of tissue \[[@CR24]\]. Additionally, whether the deep white matter progresses to an infarction depends on the collateral blood supply. Therefore, the presence of a DWI-W lesion might indicate the presence of severe ischemia. The fundamental mechanism of hemorrhagic transformation is disruption of the permeability of the blood--brain barrier through ischemia \[[@CR25]\]. Although recanalization of the occluded artery was not evaluated in the present study, the ASPECTS+W method might be associated with the severity of ischemia and predicts ICH development.

In the present study, CT-ASPECTS could not predict ICH independently of IV-tPA. This result was similar to that found in the NINDS rt-PA Stroke Study population \[[@CR22]\], and different from that in ECASSII \[[@CR23]\]. Because patients within 6 h of onset were included in ECASS II, time might be a major factor in the difference. Although the utility of CT cannot be denied, CT was not sufficient to predict hemorrhagic complications in the hyperacute phase.

The present study had some limitations. First, the decision to administer IV-tPA was at the discretion of the attending stroke neurologists. Therefore, low CT-ASPECTS, DWI-ASPECTS, or ASPECTS+W values prohibited the use of IV-tPA, resulting in a skewed distribution of ASPECTS for patients treated with IV-tPA. Second, whether to have the patient undergo both DWI and CT within 3 h of onset was decided by the physician in charge. Third, the kappa values for CT-ASPECTS and DWI-ASPECTS were relatively low. There appear to have been some differences in whether the examiner assessed the lesion as positive or negative when there were slight ischemic changes or quite small lesions. Fourth, the present study was a non-randomized and retrospective study. Fifth, because sICH was quite infrequent (3%), whether ASPECTS+W can predict sICH is uncertain and warrants further study. Symptomatic worsening in patients with sICH appeared to be mainly due to the initial extensive ischemic lesions and brain edema. Sixth, MRI was performed after CT in most patients. When the physician in charge might decide that patients with extensive EICs on the initial CT were not indication for IV-tPA, MRI was not performed within 3 h of onset. Therefore, patients with extensive EICs on the initial CT might be excluded from the present study. Finally, because the present study is non-randomized, retrospective series, we think it is too early to conclude that we should withhold IV-tPA in patients with low ASPECTS+W.

In conclusion, the present study demonstrated that the ASPECTS+W method is a useful tool for predicting ICH independently from IV-tPA. Pre-treatment DWI provides useful information for predicting ICH development, but randomized trial is required to confirm whether ASPECTS+W method could be used as surrogates for treatment decision-making.
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